Spatial memory impairments observed in Alzheimer's disease and schizophrenia have been attributed to many factors, including glutamate hypofunction and reduced hippocampal volume. Clonidine, a non-specific a 2 adrenergic receptor agonist, improves spatial memory in animals treated with the N-methyl-D-aspartate (NMDA) receptor antagonist, phencyclidine; however, its effects on memory deficits produced by other NMDA antagonists or hippocampal damage have not been fully characterized. The purpose of this study was to determine if clonidine could alleviate memory deficits produced by the NMDA antagonist, MK-801, or by excitotoxic hippocampal damage. In the first phase of the study, male rats were pretreated with clonidine (0.01 or 0.05 mg/kg) or saline, and treated with MK-801 (0.1 mg/kg) or saline prior to discrete-trial delayed alternation or radial-arm maze testing. MK-801 impaired delayed alternation performance and increased the number of arm revisits in the radial-arm maze. Clonidine pretreatment significantly alleviated these druginduced deficits. In the second phase of the study, excitotoxic damage was produced in the dorsal hippocampus with NMDA. Hippocampal damage produced a significant impairment in the delayed alternation task, yet pretreatment with clonidine did not alleviate this damage-induced deficit. Taken together, the data indicate that clonidine alleviates memory impairments produced by glutamate hypofunction, but not by hippocampal damage. This caveat may be important in designing treatments for memory disorders not linked to a single pathophysiological mechanism.
INTRODUCTION
In a seminal article, Hyman and Fenton (2003) argued that the recognition and treatment of cognitive impairment should be placed at the forefront of research into neuropsychiatric disorders. This argument was founded upon data showing that cognitive impairment in neuropsychiatric disorders strongly predicts functional outcome (Hyman and Fenton, 2003) . To address this call for better treatment for cognitive impairment, it is incumbent to develop new animal models of cognitive impairment as well as to assess candidate compounds in a variety of extant memory loss models. By using multiple models, one can better understand the kinds of pathophysiology that can be corrected by such drugs, and as importantly, the types of pathophysiological processes that are resistant to them. The research reported here was directed at this goalFthe assessment of clonidine, a potential cognitive-enhancing drug, in two animal models of memory dysfunction.
Glutamate hypofunction in animals has been used as a model of memory impairment over the past 20 years. This model is based on the hypothesis that reduced activity at N-methyl-D-aspartate (NMDA) receptors accounts for the cognitive deficits found in schizophrenia and Alzheimer's disease (Lewis and Moghaddam, 2006; Olney and Farber, 1995; Olney et al, 1998) . This hypothesis is supported by clinical work demonstrating that NMDA receptor antagonists, such as ketamine, can decrease declarative memory performance (Newcomer et al, 1999) . In animals, phencyclidine (PCP) or MK-801 is typically used to block NMDA receptors, and these drugs significantly impair performance in delayed spatial alternation (Aultman and Moghaddam, 2001; Moghaddam and Adams, 1998) and radial-arm maze tasks . The effects of these antagonists on spatial working memory may be mediated through specific brain regions, such as the medial prefrontal cortex and hippocampus, since microinfusions of NMDA antagonists into either region can disrupt this form of memory (Aura and Riekkinen, 1999; Yoshihara and Ichitani, 2004) . To date, the NMDA hypofunction model has been useful in identifying potential memory-enhancing drugs with novel mechanisms of action, such as acetylcholinesterase inhibitors (Csernansky et al, 2005; Keseberg and Schmidt, 1993) , agonists at group II metabotropic glutamate receptors , histamine H 3 antagonists (Bernaerts et al, 2004) , combinations of a 2 adrenergic/D 2 dopamine receptor antagonists (Marcus et al, 2005) , and agonists at a 2 adrenergic receptors (Jentsch and Anzivino, 2004; Marrs et al, 2005; McCann et al, 1987) .
A complimentary approach to a model of memory impairment based on neurochemical dysfunction is a model based on localized neuroanatomical changes. One of the most consistently localized neuroanatomical changes found in neuropsychiatric disorders is reduced hippocampal volume, although it should be emphasized that structural decrements have been observed in other brain regions, including the prefrontal cortex and other areas of the temporal lobe (McCarley et al, 1999) . Studies of people with schizophrenia, Alzheimer's disease, and depression have shown that the size of the hippocampus is reduced in comparison to individuals without these disorders (Csernansky et al, 2000; McCarley et al, 1999; Sheline et al, 1996) . Moreover, correlative neuroimaging studies have revealed associations between reduced hippocampal volume and poorer cognitive performance in schizophrenia (Gur et al, 2000; Heckers, 2001 ) and Alzheimer's disease (Grundman et al, 2002; Kohler et al, 1998) . Given this association, it would seem worthwhile to use animals with experimental hippocampal damage (Bardgett et al, 2006a, b) to identify treatments for memory problems related to reduced hippocampal volume.
In terms of choosing drugs to assay in the NMDA hypofunction and hippocampal damage models, agonists at a 2 adrenergic receptors are among the most promising candidates. Clinical studies have shown that the a 2 agonist, clonidine, can improve some aspects of working memory in people with Alzheimer's disease ; although see and schizophrenia (Friedman et al, 2001) . A related a 2 agonist, guanabenz, prevents working memory deficits in normal people given the NMDA antagonist, ketamine (Newcomer et al, 1999) . While it has been shown in rats that a 2 agonists such as clonidine and guanfacine attenuate spatial working memory impairments caused by PCP (Jentsch and Anzivino, 2004; Marrs et al, 2005; McCann et al, 1987) , it is unknown whether a 2 agonists can reverse the deleterious effects of other NMDA antagonists, such as MK-801, on memory. Moreover, there is little information on the ability of a 2 agonists to improve memory in animals with hippocampal damage.
Given the beneficial effects of clonidine and related a 2 agonists on prefrontal cortical function (Li et al, 1999; Wang et al, 2007) as well as the important role of the prefrontal cortex in the positive actions of a 2 agonists on spatial working memory (Arnsten and Goldman-Rakic, 1985; see Arnsten, 2004 for review), it is likely that if clonidine improves memory in either model, this phenomenon would be linked to enhanced prefrontal cortical function. In the case of animals with hippocampal damage, the enhancement of prefrontal function could act to compensate for the loss of hippocampal modulation of spatial working memory. This idea receives indirect support from two lines of research. First, hippocampal damage appears to render the prefrontal cortex more sensitive to specific types of stimulation. Rats with kainic acid-induced hippocampal damage demonstrate an increased sensitivity to antipsychotic drug-induced transcriptional activity in the prefrontal cortex (Roe et al, 1998) while rats with neonatal ventral hippocampal lesions are more sensitive to dopaminergic input in the same region (O'Donnell et al, 2002) . Second, work, as reviewed by Kesner and Rogers (2004) , has shown that the medial prefrontal cortex can compensate for short-term working memory loss induced by transient inactivation of the hippocampus. In cases of more severe hippocampal damage wherein spatial memory impairment is permanent, it appears that the prefrontal cortex is not sufficient to correct this deficiency. But the augmentation of neurotransmission in the prefrontal cortex provided by drugs, such as clonidine, could conceivably enable this brain region to adequately process working memory demands normally handled by hippocampal neurons, leading to improved memory in animals with hippocampal damage.
The purpose of this study was to determine if clonidine could attenuate the spatial working memory deficits produced by the NMDA antagonist, MK-801, or by direct excitotoxic damage to the dorsal hippocampus. To achieve this goal, the effects of clonidine on performance in a discrete-trial, delayed spatial alternation task were measured in rats after acute treatment with MK-801 or in a separate cohort of rats with and without hippocampal damage. Furthermore, the effects of clonidine on performance in an eight-arm radial maze were determined in rats after MK-801 treatment. The discrete-trial delayed alternation task and the radial-arm maze were chosen since numerous studies have demonstrated decrements in memory after hippocampal damage or NMDA receptor antagonist administration Dudchenko, 2001; Kretschmer and Fink, 1999; Moghaddam et al, 1997) . In the present studies, the doses of clonidine and MK-801, and the timing of drug administration were similar to the doses and drug administration schedules used in previous studies of spatial memory involving either drug (Ammassari-Teule et al, 1991; Bardgett et al, 2003; Jentsch and Anzivino, 2004) .
MATERIALS AND METHODS

Animals
Young adult male Long-Evans rats, 60-75 days of age at the beginning of the study, were purchased from Harlan (Harlan Bioproducts Inc, Indianapolis, IN). They were housed three per cage with free access to food and water except during testing. Lighting was maintained on a 12-h schedule with lights on at 0700 hours. Experimental procedures were performed according to the Guide for the Care and Use of Laboratory Animals (National Research Council, 1996) under a protocol approved by the Northern Kentucky University Institutional Animal Care and Use Committee.
Discrete-Trials Rewarded Delayed Spatial Alternation
The T-maze used in these experiments was constructed of wood and painted black. It contained 10 cm high walls and 9 cm wide corridors. The stem was 40 cm long, each arm was 45 cm long, and the entire maze had a wire mesh bottom. A week prior to habituation and testing, all animals were placed on a food-restricted diet and reduced to B90% of their free-feeding weight. During habituation, all animals were placed on the T-maze until they ate two pieces of food or 90 s had elapsed. This was repeated three times a day with a 5-min intertrial interval. During testing, animals received six trials a day for 4 days a week. There was a 5-min intertrial interval. Each test trial consisted of two runs, a forced run and a free run. On the forced run, rats were forced to obtain a piece of food from one goal arm of the Tmaze. Goal arm entries were defined as placing four paws in the arm. A total of 10 or 40 s after the end of the forced run, the free run was conducted. At the beginning of the free run, the rat was returned to the start arm and allowed to choose either goal arm. If the rats chose the arm opposite of the one they had been forced into during the forced run, they received the food reward. If the rats chose the same arm that they had been forced into, they received no food reward. Rats were given three 10-s and three 40-s delay trials during each day of testing. The sequence of delays and forced run food locations (left or right) were randomized each day, with the stipulation that the same delay or the same forced arm location could not be used for three trials in a row. All animals were tested for at least 1 week before drug testing began. The time to choose a goal arm was measured as a gross assessment of potential drug effects on sensorimotor function. On each run, the time from the placement of the rat on the maze until the rat placed four paws into one of the goal arms was recorded. The average time to choose across all runs on a given test day was then determined for each animal.
Radial-Arm Maze Testing
An eight-arm maze was constructed of clear Plexiglas and wood that was painted black. Each arm was 120 cm high, 120 cm long, and 10 cm wide. The center platform of the maze was 30 cm in diameter. The surface of the arms and center platform was Plexiglas. Plexiglas doors could be placed at the beginning of each arm near the center platform in order to prohibit entry into a given arm. All animals were placed on a food-restricted diet 1 week before habituation to the maze began. One habituation trial was performed for 5 consecutive days. Before each trial, 1/2 of a Cheerio was placed in the middle of each arm of the maze and another was placed at the end of each arm. The rat was removed from the maze after eating all of the food or after 10 min had elapsed. For testing, a delayed non-matching-tosample procedure based on the work of Liu and Bilkey (1999) was used. Each trial consisted of a forced run and a free choice run. On the forced run, four arms of the maze were baited with 1/2 of a Cheerio and the other four arms were blocked with the Plexiglas doors. The sequence of open and blocked arms was randomly selected each day of testing. Each rat was placed in the center platform and given 5 min to eat the four pieces of food. The number of revisits to arms previously visited was recorded. After a delay of 30 s or 15 min, the animal was returned to the center platform and allowed access to all eight arms. Food rewards were placed only in the arms that were previously blocked off.
The animal was given 5min to eat the four pieces of food. The following data were recorded during the second run: (1) the number of correct responses during the first four arm choices, (2) the number of retroactive errors (ie visits to arms that were baited during the forced run), and (3) the number of revisits to arms that were baited during the free choice run. Two trials (one 30 s and one 15 min delay) were run per day with a 30-min intertrial interval. Animals were tested for 10 days before the start of drug treatments.
NMDA-Induced Hippocampal Damage and Histology
Stereotaxic surgery was performed in order to infuse NMDA (Sigma, St Louis, MO, USA) into the dorsal hippocampus of the rats. NMDA was dissolved daily into 0.9% sterile saline. Each rat was placed in a Kopf stereotaxic frame following the administration of Nembutal (Abbott, North Chicago, IL) (75 mg/kg, IP). NMDA (3.0 mg/ml) or vehicle was injected at four bilateral locations (AP: À2.3, À3.4, À4.3, À5.2; ML: ± 1.9, ± 2.2, ± 3.3, ± 3.9; V: À3.5, À3.6, À3.9, À4.1) along the longitudinal axis of the hippocampal formation. A total of 0.3 ml of NMDA solution or vehicle was injected into each location over 2 min and the needle remained in place for an additional minute. Animals were allowed to recover for 1 month before the beginning of the delayed alternation task. The presence and extent of hippocampal damage was verified and quantified in each animal using histological methods previously described (Bardgett et al, 2006a, b) .
Experiment 1: The Effects of MK-801 on Choice Accuracy in the Delayed Alternation Task
This experiment was performed to determine the effects of two doses of MK-801 (0.05 and 0.1 mg/kg) vs saline on choice accuracy in the delayed alternation task. A total of 15 drug-naïve rats were used in this experiment. MK-801 (Sigma) was dissolved in 0.9% saline, and injected subcutaneously into animals 30 min prior to testing. Animals received the three drug treatments in a counterbalanced order across testing days. Each animal was tested once in each drug condition over a 3-day period.
Experiment 2: The Effects of Clonidine on MK-801-Induced Deficits in Delayed Alternation Task
A total of 12 rats from the first experiment were used in the second experiment. Based on the results of the first experiment, a dose of 0.1 mg/kg of MK-801 was chosen for further study. A total of 3 days after completing the first experiment, the second experiment was conducted over 6 days with a 3-day break between the third and fourth day of testing. Clonidine (Sigma) was dissolved in saline and injected subcutaneously 30 min before MK-801 or saline injection. Testing began 30 min after the latter injection. Doses of clonidine were chosen (0.01 and 0.05 mg/kg) that have been found to effectively improve memory in other animal models of memory loss (Ammassari-Teule et al, 1991; Jentsch and Anzivino, 2004) . The order of pretreatment and treatment was counterbalanced across days, and each animal was tested once under each of the four possible pretreatment/treatment combinations.
Experiment 3: The Effects of Clonidine on MK-801-Induced Deficits in the Radial-Arm Maze
A total of six drug-naïve rats were used in this experiment. After 10 days of testing without drug treatment, animals received subcutaneous injections of clonidine (0.05 mg/kg) or saline 60 min before testing and subcutaneous injections of MK-801 (0.1 mg/kg) or saline 30 min before testing began. Animals were tested over a period of 16 days and received two trials each day after pretreatment/treatment injections. The order of pretreatment and treatment was counterbalanced across days, and each animal was tested four times under each of the four possible pretreatment/ treatment combinations.
Experiment 4: The Effects of Clonidine on Hippocampal Damage-Induced Deficits in the Delayed Alternation Task
There were 29 drug-naïve rats used in this experiment with 13 rats in the hippocampal damage group and 16 rats in the sham control group. At 5 weeks post-surgery, after animals were acclimated to the same food-restriction and habituation procedures described above, the animals were tested for 2 weeks without any drug treatment. Animals were then tested four times a week for 3 weeks. During each week of testing, animals received a different dose of clonidine (0.01 or 0.05 mg/kg) or saline for 4 consecutive days (ie the animal received the same drug dose for 4 days in a row and was then switched to a different drug dose during the following week). The order of drug treatment was counterbalanced within groups across weeks. Animals received injections 30 min prior to testing.
Data Analyses
In the experiments examining the effects of clonidine and MK-801 in the delayed alternation task and the radial-arm maze, a three-way, repeated measures ANOVA was used. All main factors were treated as within-group factors, including pretreatment (different doses of clonidine and saline), treatment (MK-801 vs saline), and delay interval. In the first and second experiments, the time to choose a goal arm was compared between treatment groups and pretreatment groups (second experiment only) with repeated measures analysis of variance (ANOVAs). In the experiment examining the effects of clonidine on delayed alternation performance in rats with hippocampal damage, a two-way ANOVA was performed with treatment serving as a within-groups factor and hippocampal or sham damage serving as a between-groups factor. Relative hippocampal area was compared between animals with and without hippocampal damage as a function of anterior-posterior location with two-way repeated measures ANOVA, with damage as a between-groups factor and section location as a within-groups factor. All post hoc comparisons were conducted when appropriate by using one-way ANOVA's and Fishers Protected Least Significant Difference (PLSD) test. a-levels were set at po0.05 (two-tailed) for all tests.
RESULTS
MK-801 Impairs Choice Accuracy in the Discrete-Trial Delayed Alternation Task
In the first set of experiments, MK-801 was found to significantly impair choice accuracy in the discrete-trial delayed alternation task in a dose-dependent manner (Figure 1 ). There was an overall effect of MK-801 on choice accuracy (drug effect: F(2, 68) ¼ 6.8, po0.002) as well as a significantly effect of delay (delay effect: F(1, 34) ¼ 15.0, po0.0005). At the 10-s delay, there were no significant differences in choice accuracy between the drug-treated groups. However, at the 40-s delay, the animals treated with the high dose of MK-801 performed significantly worse than animals treated with saline or the low dose of MK-801 (Fishers PLSD, po0.0007 and 0.002 in respective comparisons to the high dose MK-801 group). Within drug treatment groups, there was no significant delay effect on animals treated with saline, but animals treated with the low and high dose of MK-801 made significantly fewer correct choices at the 40-s delay than at the 10-s delay (Fishers PLSD, po0.02 and 0.006 for the respective comparisons across delays within the low and high dose MK-801 groups). While MK-801 impaired choice accuracy, it was not found to significantly alter the time to choose a goal arm (Table 1) .
Clonidine Alleviates MK-801-Induced Impairment in the Discrete-Trial Delayed Alternation Task
The 0.1 mg/kg dose of MK-801 was chosen for further study in subsequent experiments given its robust effect on choice accuracy. Two analyses were conducted to ascertain the effects of previous testing alone and previous exposure to MK-801 on delayed alternation performance in this experiment. First, animals pretreated with saline and treated with (Figure 2b ). As observed after the 10-s delay, animals pretreated with saline and treated with MK-801 made significantly fewer correct choices than animals in all of the other experimental groups (Fishers PLSD, po0.01-0.001). Unlike the 10-s delay experiment, animals in the clonidine pretreatment groups that were subsequently treated with MK-801 performed significantly worse than animals pretreated and treated with saline (Fisher PLSD, po0.03 and 0.05 for the low and high dose clonidine/MK-801 groups compared, respectively, to the saline/saline group). The clonidine/MK-801 groups also performed worse in comparison to the animals pretreated with the low dose of clonidine and treated with saline (Fisher PLSD, po0.05 and 0.01 for the low and high dose clonidine/MK-801 groups relative to the low dose clonidine/ saline group).
The time to choose a goal arm was not significantly altered by clonidine or MK-801 alone (Table 2 ). However, there was a significant pretreatment Â treatment interaction (interaction effect: F(2, 44) ¼ 3.7, po0.03). MK-801-treated rats that were pretreated with the low dose of clonidine were significantly quicker in choosing a goal arm than MK-801-treated rats pretreated with the high dose of clonidine (Fishers PLSD, po0.02). Moreover, saline-treated rats pretreated with the high dose of clonidine were slower to choose an arm relative to saline-treated rats pretreated with saline (Fishers PLSD, po0.03).
The Effects of Clonidine and MK-801 on Choice Accuracy in the Radial-Arm Maze
Clonidine attenuated one of the behavioral deficits produced by MK-801 in the radial-arm maze. During the first run on each trial, rats were allowed to enter only four arms to obtain food. MK-801 caused rats to make significantly more arm revisits during these runs (treatment effect: F(1, 10) ¼ 14.1, po0.004) (Figure 3a) . However, pretreatment with clonidine significantly reduced the number of revisits observed in MK-801-treated rats (pretreatment Â treatment interaction: F(1, 10) ¼ 11.2, po0.007). Rats pretreated with clonidine and treated with MK-801 made significantly fewer revisits relative to rats pretreated with saline and treated with MK-801 (Fishers PLSD, po0.03).
A total of 30 s or 15min after the first run in each trial, animals were allowed to enter all eight arms, but only the four previously inaccessible arms were baited. While significant delay and treatment effects were identified for the three measures taken during the second run, there were no effects of clonidine or pretreatment Â treatment interactions. There was a delay effect on the number of baited arms chosen (correct choices) within the first four choices (Figure 3b ). Rats chose significantly more baited arms among their first four choices after the 30-s delay in contrast to the 15-min delay (Delay effect: F(1, 20) ¼ 15.5, po0.0008). Rats were also more likely to visit arms that had been baited during the first run (retroactive error) after the longer delay (Delay effect: F(1, 20) ¼ 4.5, po0.05) or if the animal was treated with MK-801 (treatment effect: F(1, 20) ¼ 8.9, po0.007) (Figure 3c ). However, for each pretreatment at a given delay interval, individual comparisons between animals treated with saline and those treated with MK-801 were not significant. Finally, MK-801 increased the likelihood that, independent of delay interval, rats would revisit one of the four arms that were baited during the second run (treatment effect: F(1, 20) ¼ 11.1, po0.003) (Figure 3d ). Individual comparisons of revisits indicated that among saline-pretreated animals at the Animals were also more likely to make such errors after a 15-min delay relative to a 30-s delay. (d) Animals treated with MK-801 revisited more baited arms during the second test run after the delay than did animals treated with saline. The single asterisk (*) indicates significant differences between animals treated with saline relative to animals treated with MK-801 within the same pretreatment condition and same delay interval (ie the bar to the left of the asterisk). Animals pretreated and treated with saline made no revisits after the 15-min delay. Data represent the average number for each measure ( ± SEM) for each group; n ¼ 6 per group. 15-min delay, those treated with saline had fewer arm revisits than those treated with MK-801 (Fishers PLSD, po0.05). A similar comparison of clonidine-pretreated animals at the 30-s delay revealed that those treated with saline made fewer revisits in comparison to those treated with MK-801 (Fishers PLSD, po0.05).
Clonidine Does Not Alleviate the Effects of Hippocampal Damage in the Discrete-Trial Delayed Alternation Task
In the study of rats with hippocampal damage, it was found that animals in the hippocampal damage group had significantly less hippocampal area than did rats in the sham surgery control group (lesion effect: F(1, 22) ¼ 59.8, po0.0001) ( Table 3 ). Qualitative assessment of the hippocampal damage caused by stereotaxic NMDA infusion indicated that damage was primarily confined to the dorsal hippocampus. Tissue loss was uniform throughout all cell fields within the dorsal hippocampus and most conspicuous in the anterior regions of the dorsal hippocampus (lesion Â location interaction: F(3, 66) ¼ 2.7, po0.05) ( Table 3 ). Remaining tissue in these areas was marked by gliosis and fewer neurons in comparison to sham controls ( Figure 4 ). The ventral hippocampus in animals with hippocampal damage appeared to be relatively intact. Approximately 1 month after surgery, animals were trained and tested in the delayed alternation task in a manner identical to that used in the first two experiments. There was an overall delay effect on choice accuracy with animals making more correct choices after the 10-s delay relative to the 40-s delay (delay effect: F(1, 48) ¼ 1.4, po0.0005) ( Figure 5 ). Hippocampal damage was found to significantly disrupt choice accuracy at both delays (lesion effect: F(1, 29) ¼ 7.0 and 11.2, po0.01 and .002, 10-and 40-s delays, respectively). There were no further significant main effects or interactions at the 10-s delay. However, at the 40-s delay, there was a significant effect of clonidine (treatment effect: F(2, 58) ¼ 3.1, p ¼ 0.05) and a treatment Â group interaction (interaction effect: F(2, 58) ¼ 3.4, po0.04). Rats with hippocampal lesions were found to perform worse than sham rats after treatment with saline (Fishers PLSD, po0.02) and the low dose of clonidine (Fishers PLSD, po0.0004), but not after treatment with the high dose of clonidine (Fishers PLSD, p ¼ 0.14). Post hoc comparisons of choice accuracy in the sham animals treated with saline and the two clonidine doses indicated that sham animals treated with 0.01 mg/kg of clonidine performed significantly better than animals treated with saline (Fishers PLSD, po0.03) or 0.05 mg/kg of clonidine (Fishers PLSD, po0.004). There were no such effects of clonidine on choice accuracy in the animals with hippocampal damage.
DISCUSSION
The purpose of the studies reported here was to determine if clonidine could alleviate spatial memory deficits produced by the NMDA receptor antagonist, MK-801, and hippocampal damage. These two models of memory loss share some physiological qualitiesFloss of glutamate function within the hippocampusFbut possess obvious differences as well. Despite these differences, they both cause deficits in spatial working memory. The data demonstrate that clonidine effectively ameliorated the memory deficits produced by MK-801 in two tests of spatial memory, the discrete-trial delayed spatial alternation task and the radialarm maze. These results replicate and extend earlier work showing the cognitive-enhancing effects of clonidine in animals treated with PCP (Jentsch and Anzivino, 2004; Marrs et al, 2005; McCann et al, 1987) . However, clonidine did not improve memory in rats with hippocampal damage. These findings suggest that clonidine is effective in treating memory impairment, but in a pathology-specific manner. The lesion group had significantly less hippocampal area than the sham control group (as indicated by the asterisks), except in the most posterior section. Sections were measured in the coronal plane. Coordinates (from bregma) are taken from Paxinos and Watson (1986) . Area measurements are presented in mm 2 ± SEM. Number per group indicated in parentheses. Apparently, clonidine is capable of counteracting memory impairment associated with states of broad-scale glutamate hypofunction but is incapable of correcting memory impairment related to a dramatic reduction in hippocampal volume. Several previous reports have indicated that clonidine and the related a 2 agonist, guanfacine, can reverse spatial memory impairments and other forms of memory deficits produced by PCP treatment (Jentsch and Anzivino, 2004; Marrs et al, 2005; McCann et al, 1987) . While impressive, these findings nonetheless raise questions about whether the cognitive-enhancing actions of a 2 agonists would be observed after treatment with other NMDA antagonists, such as MK-801. While PCP and MK-801 serve as noncompetitive antagonists of the NMDA receptor, their physiological and behavioral effects are known to be somewhat different (Jacobs et al, 2000; Ogren and Goldstein, 1994) . Furthermore, the ability of clonidine to block the amnestic effects of PCP has only been shown in operant paradigms (Jentsch and Anzivino, 2004; Marrs et al, 2005) and in the radial-arm maze (McCann et al, 1987) . The results of the present study suggest that the pro-cognitive effects of clonidine extend to other NMDA antagonists, such as MK-801, and can be observed in other paradigms, such as delayed spatial alternation.
MK-801 is well known to increase locomotor activity and produce measurable sensorimotor disturbances in rats at the dose used in the present study (eg Jacobs et al, 2000) . These effects make it plausible that working memory may remain functional in MK-801-treated rats, but is masked by disruptions in basic sensorimotor processes. Three observations suggest this explanation may only partially account for deficits in the delayed alternation task. First, the time to choose in the delayed alternation task in first two experiments was not significantly altered by MK-801 treatment, indicating that basic processes such as initiation of movement and ambulatory movement were not dramatically affected in the T-maze task by MK-801. Second, if sensorimotor disturbances produced by MK-801 adversely affect performance in the T-maze, one could expect to find a significant correlation between the time to choose and choice accuracy. Such correlations between the time to choose and choice accuracy in the high dose MK-801-treated rats pretreated with saline were not found to be significant (first experiment: r ¼ À0.20, p ¼ 0.47; second experiment: r ¼ À0.46, p ¼ 0.13). One could argue that the time to choose measure is not a very sensitive measure of sensorimotor disturbances; however, this measure is sensitive to the effects of other treatments known to alter sensorimotor function such as antipsychotic drugs (Bardgett et al, 2006a, b) . Finally, the pattern of effects exerted by clonidine and MK-801 upon the time to choose are not consistent with their effects on choice accuracy, suggesting that the former does not account for the latter.
The mechanism underlying clonidine's positive effect on memory in MK-801-treated rats cannot be ascertained by our behavioral results. Clonidine has affinity for each a 2 receptor agonist subtype. It is not clear which receptor subtype accounts for clonidine's ability to alleviate the effects of MK-801 on memory, although previous studies in mice and monkeys have suggested the a 2A or a 2C subtypes as likely mechanisms for cognitive enhancement . In terms of the anatomical locus of clonidine's action in the present studies, it is probable that clonidine suppresses the disruptive effects of MK-801 on prefrontal cortical function. Jackson et al (2004) have shown that MK-801, at the doses used in the present study, increases irregular firing and decreases organized burst firing of neurons in the prefrontal cortex. These chaotic changes in neuronal firing may reflect excessive cortical neurotransmitter (eg acetylcholine, glutamate, dopamine) release evoked by NMDA antagonists (Kim et al, 1999; Moghaddam and Adams, 1998) Clonidine, on the other hand, has been shown to suppress elevations in neurotransmitter release induced by various perturbations, including MK-801 (Acquas et al, 1998; Jellish et al, 2005; Kim et al, 1999 ). Clonidine's suppressive effect on neurotransmitter release may be due to its direct action on presynaptic terminals (Kamisaki et al, 1992) or indirect effects on neuronal firing (Kawahara et al, 2001) . Alternatively, clonidine may act at post-synaptic a 2 receptors, since the loss of noradrenergic terminals actually enhances the pro-cognitive effects of clonidine (see Arnsten (2004) for review). Nonetheless, when taken together, the previous studies appear to suggest that clonidine reduces cortical noise generated by NMDA antagonists and enhances neuronal signals related to normal memory function. In support of this hypothesis, clonidine has been shown at a neuronal level to strengthen firing in the prefrontal cortex during delay-response periods and, at a behavioral level, to decrease distractibility during memory testing (see Arnsten (2004) for review).
While clonidine had very clear effects on delayed alternation deficits induced by MK-801, its impact upon impairments caused by MK-801 in the radial-arm maze task was less dramatic. Clonidine was found to prevent MK-801-treated rats from making more arm revisits during the first run of each test trial. However, while there were significant effects of MK-801 on the number of retroactive errors and arm revisits during the second run of each trial, clonidine was unable to alleviate these effects. There are several ways to tie these results together. First, it is possible that the radial-arm maze data was underpowered and limited in its ability to yield significant group differences. However, the data from these animals reflect a fairly large number of trials (ie the average of four trials performed under each pretreatment-treatment condition for each delay). Moreover, the significant interaction between clonidine and MK-801 for the revisit data from the first run suggests that the experiment had adequate power. The second interpretation is that the different behavioral measures used in the radialarm maze testing reflect different forms of memory or amounts of memory burden. MK-801 did not alter the number of correct choices within the first four choices during the second run of each trial, suggesting that while this form of choice behavior is sensitive to delays, it is either insensitive to NMDA receptor blockade or difficult for even control animals. The other measures used in the second run (retroactive errors and arm revisits) were sensitive to MK-801 treatment yet involved a larger number of choices and the possibility of proactive interference from the first run in contrast to the arm revisits during the first run. This latter interpretation may provide some parsimony for the positive effects of clonidine on first run revisits in the radial-arm maze and on delayed alternation, since both tasks involve limited choices and relatively little proactive interference.
While NMDA hypofunction may serve as one pathophysiological mechanism that accounts for poor memory performance in several neuropsychiatric disorders (Lewis and Moghaddam, 2006; Olney and Farber, 1995; Olney et al, 1998) , reduced hippocampal volume represents yet another mechanism that could contribute to performance deficits in these disorders (Grundman et al, 2002; Gur et al, 2000; Heckers, 2001; Kohler et al, 1998) . Attempts to emulate disorder-related reductions of hippocampal volume in animals have been hampered in part by limited agreement on the exact nature and scale of the topographical, neurochemical, and functional alterations found within the hippocampus of people with such disorders. Along the same lines, most animal models of human hippocampal deficits involve rather broad-scale, indiscriminant destruction of hippocampal tissue in comparison to the more limited volume reductions reported in the human literature. Nonetheless, it would seem that if treatments can alleviate significant behavioral impairment in animals with hippocampal damage, such treatments may have utility for similar behavioral deficits in people with more circumscribed reductions in hippocampal volume. With this idea in mind, studies from our own laboratory have demonstrated that excitotoxic damage to the hippocampus results in significant hippocampal tissue loss and profound spatial working memory deficits (Bardgett et al, 2006a, b) .
In the present study, animals with excitotoxic damage to the hippocampus experienced dramatic tissue loss in the anterior dorsal hippocampus. While the neurochemical status of the remaining tissue was not addressed in this study, previous work has shown that excitotoxic hippocampal damage is accompanied by subtle losses in microtubule-associated protein-2 and more significant decreases in staining for the GluR1 and GluR2/3 glutamate receptor subunits . A recent review has provided strong evidence for a pivotal role for the GluR2 subunit in synaptic plasticity (Isaac et al, 2007) , suggesting that decreases in this receptor subunit may be important in the memory loss observed in rats with excitotoxic damage. The loss of excitatory hippocampal neurons creates a hypoglutamatergic state, analogous to the effects of MK-801 on hippocampal function, but excitotoxic damage to hippocampus obviously disrupts all neurochemical processes within the hippocampus as well as the circuitry in which the hippocampus participates.
To date, it is unknown whether the memory impairment produced by hippocampal damage is sensitive to the procognitive actions of drugs, such as clonidine, that seem to alleviate the untoward effects of NMDA hypofunction on memory. Earlier work by Ammassari-Teule et al (1991) found that clonidine could reverse spatial learning deficits in rats with partial fornix lesions. Such damage presumably alters the neurochemical composition of the hippocampus due to the disruption of subcortical afferent pathways that supply neurotransmitters to the hippocampus. However, the mechanisms driving memory impairment in rats with partial fornix transection are likely to be qualitatively different from those responsible for memory problems in rats with direct damage to the hippocampus, and may explain why rats with hippocampal damage failed to respond to clonidine in the present study.
The implications of the data from rats with hippocampal damage are twofold. First, they may indirectly suggest which brain regions play a role in clonidine's memoryimproving effects. Given that rats with hippocampal damage did not benefit from clonidine, one could speculate that perhaps part of clonidine's cognitive-enhancing ability involves its direct effects on the hippocampus, such as reducing norepinephrine release (Sacchetti et al, 2001) , decreasing excitatory neurotransmission (Boehm, 1999) , or altering y activity (Ammassari-Teule et al, 1991) . However, this interpretation merits caution. While Ammassari-Teule et al (1991) found that clonidine alleviates radial-arm maze deficits in rats with fornix transactions, other studies (Arnsten and Goldman-Rakic, 1990; Sirvio et al, 1991) have shown that clonidine and guanfacine do not improve performance in tasks, such as delayed non-matching to sample and the swim maze, that rely on intact hippocampal function. These studies would seem to suggest that clonidine does not act upon the hippocampus to improve memory. Regardless of where clonidine acts within the brain to improve spatial working memory in rats treated with MK-801, these effects are apparently not sufficient to counteract the negative consequences of reduced hippocampal volume on memory. It should be noted that clonidine's ineffectiveness in the hippocampal model is not due to an inherent inability of any treatment to improve memory in rats with hippocampal damage. Recent studies from our laboratory have shown that the atypical antipsychotics, clozapine and risperidone, can improve spatial working memory in rats with hippocampal damage (Bardgett et al, 2006a, b) .
It would be interesting to determine if memory loss produced by smaller scale damage to the hippocampus would be more sensitive to the positive effects of clonidine on memory, although the trade-off with such an approach may be less reliable memory deficits. It would also be interesting to determine if memory loss produced by cellfield specific damage within the hippocampus is sensitive to clonidine in a site-specific manner. Finally, as discussed above, it is possible that the clonidine's ability to improve memory in rats treated with MK-801 requires the hippocampus as a substrate; however, testing such a hypothesis by assessing the effects of hippocampal lesions on MK-801-treated rats would involve confounds with lesion-induced memory deficits. Indirectly related to this latter idea, the inability of clonidine to improve memory in the hippocampal model relative to the MK-801 model is noteworthy since the magnitude of the memory deficits observed in the former model was less than that observed in the latter. It is tempting to speculate that the greater deficit observed in the MK-801 model is simply due to a more distributed disruption of neurotransmission throughout the brain vs the discrete disruption of neurotransmission within the hippocampus produced in rats with hippocampal damage. Nonetheless, the performance decrement observed in the latter model should not be viewed as marginal since it was on a scale similar to that observed in previous studies of discrete-trial delayed alternation in rats with hippocampal damage (Bardgett et al, 2006a, b) and approached chance levels at the 40-s delay interval. It is possible that larger scale volume loss could have triggered greater reductions in performance; however, it was one of our goals to produce a degree of volume loss more consistent with the degree of volume reduction observed in neuropsychiatric disorders and not characterized by the complete destruction of hippocampal tissue. One could argue that the difference between the magnitude of memory loss in the MK-801 and hippocampal models is simply quantitative, which would imply that the two models are similar in mechanism. However, this interpretation makes little sense given the positive effects of clonidine on the more severe deficits observed in the MK-801 model. The simplest explanation of the present results is that MK-801 and hippocampal damage can produce significant deficits in the same test of memory, but since only the former model is sensitive to clonidine, the memory deficits observed in each model emanate from different pathophysiological processes.
If different forms of pathophysiology lead to the same memory deficit, then each form may require a distinct form of treatment. This simple conclusion bears noting. As discussed in the Introduction, many animal models of memory deficits linked to neuropsychiatric disorders have been developed, and some labs, including our own, have championed one model over another. However, our results suggest that one model may not be necessarily better than the otherFinstead, they are better together. This sentiment is consistent with recent recommendations for more diverse approaches to modeling cognitive impairment in animals (Floresco et al, 2005; Green et al, 2005) . As new pathophysiological pathways are identified and new animal models developed, treatments for these distinct pathophysiologies can be identified and the symptoms of more individuals with memory impairment effectively managed.
